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Abstract: The sustainability of anthropogenic activities at
sea is recently gaining more and more attention. As re-
gards shipping, emissions from ships into the environ-
ment of various nature (engine exhaust gases, anti-fouling
paints leaching, ballast exchange, releases at sea of oil
and other noxious liquid or solid cargoes, of sewage and
of garbage) have been recognized as sources of pollution
and therefore controlled and limited since a long time.
The subject of noise emission has been identified only re-
cently. To study the problem, the EU has funded, among
others, the FP7 SILENV (Ship Innovative soLutions to rE-
duce Noise and Vibrations) project that run from 2010 to
2012. In the present work, the holistic approach followed
within the project to characterize and control the ship as
a source of noise is presented. Three types of noise emis-
sions (in air, in water and inside the ship) are analyzed
highlighting peculiarities and different strategies adopted
to characterize the source, the impact on the receiver and
the possible solutions to set limits to the ship emissions.
The project outcome included a socalled “Green Label”: a
set of newprenormative requirements defined for the three
main areas mentioned above.
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1 Introduction: the acoustic impact
of ships
In the last decades, various forms of impact by anthro-
pogenic activities on the environment have been identi-
fied, studied and later subjected to control by the deputed
regulatory bodies. Amajor attention has been and is being
devoted to the releases of solid, liquid and gaseous sub-
stances in the ambient. Other forms of pollution, based on
releases of energy, have however captured an increasing
attention: noise radiation plays an important role within
this category,which includes also thermal andelectromag-
netic emissions.
In the marine field, the noise transmitted on board
ships has been considered since more than thirty years. At
first, the focus was on the impact on the working and liv-
ing conditions of the crew: the reference regulatory docu-
ment was [1], issued by the International Maritime Organ-
isation (a United Nation agency for shipping) and fixing
maximum noise levels in various types of technical/living
spaces on board. Later, the attention was extended to the
comfort of passengers, with the issue of voluntary class
notations (generally referred to as Comfort Classes) by the
main Classification Societies. The two mentioned sets of
requirementswere aimedat protecting (withdifferent aims
and in different ways) first and second parties of the ma-
rine transportation process. More recently, the effect of
noise on third parties has come into the focus, with stud-
ies and first regulatory actions dedicated to the impact of
noise radiation outside the ship on land and in water. In
the former case, the object of investigation is still the im-
pact of airborne noise radiation on human being (people
living around ports or on the coast near sea routes with
dense traffic). In the latter one, the attention is extended
to the marine ecosystem and the focus is on the adverse
effects of underwater noise radiation fromships on thema-
rine fauna in general and on mammals in particular.
All above-mentioned effects originate from the same
source: the ship inher various operating conditions. Based
on this, an integrated and holistic approach to the analy-
sis and control of the acoustic emissions from ships has
been followed in the SILENV project (Ship Innovative so-
Lutions to rEduce Noise and Vibrations: www.silenv.eu),
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recently funded within the 7th Framework Programme of
the EU. Following the work there developed, the paper ex-
amines the ship as a complex source of noise, with the dif-
ferent techniques available or under development for the
characterisation of her emissions, the impact of the differ-
ent types of noise radiation on the different classes of re-
ceivers and the options available to enforce or enhance the
control of such impacts.
2 The ship as a source of noise
The ship, for her dimensions and characteristics, repre-
sents a very complex noise source [2]. The different plants
present on board, devoted to propulsion and to the other
operational functions of the ship, are all effective contribu-
tors to thenoise field inside andoutside the vessel. In addi-
tion to that, in the specific case of cruise or ferry ships, also
the passengers on board and their activities can represent
sources of noise and of annoyance for other passengers. In
the following, themain sources of excitation on board will
be briefly reviewed.
2.1 Sources of excitation on board
Machinery
Machinery on board ships are usually subdivided in two
categories: main engines and auxiliaries. The main en-
gines are theprimarymovers of the ship and formost of the
sea going ships thepropulsion is guaranteedby twoor four
stroke diesel engines. Auxiliary engines are in almost all
cases four stroke diesel engines and are used for the elec-
tric power generation and for the cargo processing. Pumps
and boilers are also present on board but are usually lo-
cated in the engine room where their contribution to the
overall noise is negligible if compared to the noise emit-
ted by the engines. The engines generate both noise and
vibrations as they are fixed to the ship structure. While in
the case of four stroke diesel engines resilient mountings
are interposed between the engine and the steel structure
of the ship in order to isolate the engine, two stroke diesel
engines are rigidly mounted to the structure due to their
dimensions and weight. The engines noise emissions are
characterized by a broadband component and by a series
of tonal components and relative harmonics. Tonal com-
ponents are clearly detectable in both the noise measure-
ments carried out on board and underwater. The frequen-
cies at which tonal components and harmonics are gen-
erated depends on the rotational speed of the engine, on
the number of strokes and on the number of cylinders. At
normal cruise speed the main engines are the most impor-
tant noise sources while, at lower speeds, induced vibra-
tions generated by the operating machinery are believed
to be the predominant noise sources at frequencies be-
low 100 Hz [3]. Furthermore, when the ship is moored at
harbor, the main engines are usually turned off, while the
auxiliary engines are running to guarantee the cargo pro-
cessing, ventilation, air conditioning and electric power.
In such a condition, auxiliary engines are themain sources
of noise.
Due to the high noise emitted by the main engines,
on passengers ships, diesel electric propulsion is often
adopted. The main advantage of such a configuration is
that the engines are decoupled from the shaft and there-
fore the propeller. This allows to havemore degrees of free-
dom in the location onboard of the engines that can be, for
example, moved afterward where the ship waterlines are
wider and therefore more space is available for isolation
by means of enclosures or other devices.
Gas or steam turbines are mounted on some specific
ship categories such as fast ships or military ships or on
gas carriers that take advantage of the cargo boil off.
Propellers
The propeller is definitely the most diffused propulsor in
use by sea going vessels. Propellers are probably the most
important sources of underwater noise [4], and among the
main ones as regards internal noise. The most important
contribution for the propeller regards the noise emitted in
water. As recalled in [5], there are four main mechanisms
which contribute to the noise emission from propellers.
Some of them are typical of cavitating propellers, other
ones occur also on propellers working in non-cavitating
conditions. The fluctuating pressure field generated by the
blade profiles moving in water can be seen as the sum
of two effects: the displacement of the water by the pro-
peller blade profile (thickness effect) and the pressure dif-
ference between the suction and pressure surfaces of the
propeller blades (lifting surface effect) [5]. These two ef-
fects are influenced by the wake. The wake is, in its turn,
influenced by the presence of the hull that is placed up-
stream in respect to the propeller. Consequently, the ve-
locity field reaching the propeller disc in not uniform both
in terms of magnitude and direction. The result is that the
angle of attack on the blade profiles fluctuate along the cir-
cumferential trajectory inducing fluctuations in the pres-
sure filed around the blades. Such fluctuation generates
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tonal components at the blade passing frequency both for
the cavitating and non-cavitating propeller.
Cavitation occurs when the propeller generates pres-
sures that goes below the vapor pressure, which depends
on hydrostatic pressure and water temperature. In such a
condition vapour bubbles appears in the fluid region close
to the blade suction side. The cavitation volume fluctuates
because of variations in the hydrodynamic components
of the pressure field and because of the variation in the
hydrostatic component, depending on the blade distance
from the water free surface. Due to these phenomena, two
more noise components are generated respectively due to
the periodic fluctuation of the cavity volumes and to the
sudden collapse process associated with the implosion of
cavitation bubbles when the pressure rises again over the
saturated vapour value. The collapse of bubbles creates
shock waves and hence essentially ’white noise’ covering
a frequency band up to 1 MHz [5].
All the above-mentioned phenomena are responsible
for noise radiation in water, but the pressures induced by
the propeller on the stern counter can excite the ship struc-
ture and consequently radiate noise also inside the ship.
2.2 Internal noise radiation
As above mentioned, the main sources of noise on board
the ship are the engines (main andauxiliary), the propeller
and the air conditioning plant. The engines and the pro-
peller are very strong sources but are usually located at the
very aft of the ship (a part from the bow thrusters) while
the ventilation and air conditioning is spread all around
the ship, in particular in passenger ships. The transmis-
sion of sound energy on board involves a continuous en-
ergy transformation from mechanical energy (structure
borne noise) to acoustic energy (noise). The engines re-
lease energy both in air and in the steel structure of the
ship, through their foundations. Themechanical energy is
transmitted efficiently within the structure, due to its rela-
tive flexibility and low damping, reaching zones quite far
from the engine room. The same applies to the propeller
excitation on the stern counter structure. Vibrations on
decks, walls and ceilings in turn generate airborne noise
inside the spaces occupied by passengers or crew.
On the other hand, noise generated in air by the en-
gines can easily propagates within the ship through ducts.
Another main noise path is represented by the trunk, ex-
tended along the entire vertical extension of the ship and
containing the exhaust gas ducts running from the engine
room to the very top of the ship.
As regards the ventilation system, the main issue is
linked to the local effects due to turns and /or outlets gen-
erating flow turbulence and, accordingly, noise levels. The
problem is enhanced by the relatively high speed of the air
in the ducts (due to space constraints) and by the diffused
presence of ducts covering thewhole extension of the ship.
Powerful compressors, representing, in turn, sources
of structure- as well as air-borne noise characterize, on the
other hand, the air conditioning system.
The analysis of noise transmission on board is com-
plicated by the presence of several transmission paths
connecting sources and potential receivers. These paths
may include portions in the structure and in the air, with
several possible conversions from structure- to air-borne
noise and vice-versa.
A positive aspect is represented, from the point of view
of a regulatory action, by the fact that the receiving posi-
tion as well as the source and the transmission paths are
placed on the ship, so that the whole process can be con-
trolled at a design as well as verification stage by the same
body.
2.3 Overall external airborne radiation
As mentioned, when the ship sailing, the main sources
on board are related to propulsion. While moored, on the
other hand, ships still need to run a number of plants
related to the functionality of the vessel. In both cases,
those locations and devices that establish a direct con-
nection between these plants (propulsion engines, diesel-
generator sets, HVAC groups) and the external environ-
ment induce the most effective external noise radiation
in air. Examples are the funnels as well as intakes and
outlets of the ventilation and air condition systems. Other
noise sources, which are more dependent on the specific
ship type and generally characterized by transient compo-
nents, are due to cargohandling equipment, both run from
the ship or from ashore (e.g. grabbers, conveyors, gantry
cranes or vehicles ramps).
The impact of the air-borne noise radiated from the
ship strongly depends on the shape of the coastline, on
the orography and on the topography of the surroundings.
A full impact assessment should therefore take into ac-
count all the elements of the noise transmission chain, i.e.
source, propagation and receiver. This is complicated by
the reflecting/diffracting surfaces present both on board
and on land when the ship is moored at harbor. Despite
the number of available numerical predictive models for
noise propagation, the specificity of the ship source and of
its noise radiation, is not yet fully covered in the existing
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technical and normative framework [6]. Furthermore, the
implications on the evaluation of impact on people living
near ports has not been yet completely investigated.
2.4 Overall external underwater noise
radiation
The underwater noise radiated by ships has been specifi-
cally included, with an increasing emphasis, in the list of
emissions into the ambient that need to be assessed and
controlled. A general increase of the background noise in
the oceans, especially for frequencies below 300 Hz, due
to the diffused shipping activity, is an objective datum [7],
but how this noise is radiated by ships and how it affects
globally and locally the marine wildlife are not yet clear
subjects.
Asmentioned above, many different components con-
tribute to the overall underwater noise emission of ships,
making it difficult to clearly distinguish the single con-
tributions. Nevertheless the dependence on some ship’s
macro parameters that characterize the ship can be iden-
tified. The size of the ship is in general a rough indicator of
the overall noise emitted.
Larger dimensions are usually linked to higher noise
levels [8]. This ismainly due to the fact that larger ships ne-
cessitate of more power to be moved, and therefore more
powerful engines are needed. The ship size has an influ-
ence also on the frequency content of the emitted noise as
in general smaller ships emits at higher frequencies [9].
Speed has an important role. Noise usually increases
with speed. It is however important to underline that ships
are designed for a specific speed - called “design speed”
- which is always maintained by a ship during naviga-
tion. Both the main engine and the propeller are opti-
mized for such a condition that corresponds also to an
optimal sound level emission condition. Off design condi-
tions can produce higher noise levels even if the speed is
reduced in respect to the design speed as the entire propul-
sion chain works far from the optimum (see e.g. [10]). This
phenomenon is particularly important for ships equipped
with controllable pitch propellers (CPP).
The propeller type is, as a matter of fact, another im-
portant parameter that has a direct impact on the under-
water noise. In particular, CPP allows the ship to vary the
speed both changing the propeller revolutions and/or ro-
tating the blades along their vertical axis and therefore
changing the propeller pitch. With the latter approach the
angle of attack is modified for all the profiles along the
blade radius, obtaining, in extreme cases, even negative
angles of attach. This makes the propeller work in condi-
tionswhich are very far from the optimal ones, resulting in
a dramatic increase of the noise levels.
The loading conditions of the ship (i.e. the draft) have
an influence on the hydrostatic pressure on the propeller,
and therefore on its cavitating behavior. In particular, pro-
peller cavitation is more probable for ships in ballast con-
dition.
As regards the dependence of noise emitted on the ag-
ing of the ship, underwater-radiated noise seems not to be
heavily dependent on ship maintenance. Damaged or af-
fected by fouling propellersmay experience increased cav-




The effects of noise on human beings are a well-known
topic since decades. Equal loudness contours were first
made available by Fletcher and Munson in 1933 [11], then
by Churcher and [12] and later by Robinson and Dad-
son [13] whose experimental determination became the
basis for the ISO 226 standard whose last revision is from
2003 [14].
On board ships, noise may cause hearing damage, in-
terfere with communication and/or cause annoyance [15].
The problem of the annoyance on board ships arises for
both crew members and passengers, since they spend a
long time in a very confined space. On board spaces are
sometimes even simultaneously occupied by both passen-
gers and crew. This is difficult to be managed from an
acoustical point of view,making it quite hard, if not impos-
sible, to use criteria for assessing noise annoyance com-
ing from other fields. As stated in the literature [16], the
specific aspects of large passengers ship structures and
their “one of a kind” production prevent to define gen-
eral quantitative correspondences. Studies on these topics
are scarce and quite outdated, and vary from the analysis
of noise and vibration effects [17–24] to psychoacoustics,
comfort, sleep disturbance and in general well-being as-
pects [25–28, 30, 31]. Generally speaking, there are indi-
cations that passengers’ expectations about comfort on-
board ships are usually comparable to hotels being the
nearest equivalent [29]. Moreover, it was showed from full
scale trials [32] that for cruise ship luxury cabins the lower
end of the noise band corresponds to the higher end of the
accepted noise range for the market of hotel rooms.
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For what concerns the noise perceived from inhabi-
tants of the areas surrounding ports, the problemhas been
raised several times by citizens living in areas close to har-
bours, usually ending up complaining with municipali-
ties [33, 34]. Moreover, this kind of noise affects also har-
bor workers [35]. In a recent study [36], Murphy and King
underline that port noise has the potential to be a signif-
icant health concern, and that the intermittent nature of
this kind of low frequency noise can produce great shocks
to residents’ sleep patterns that can conduce to, for exam-
ple fatigue, reduced productivity, anger, lack ofmotivation
and focus.
3.2 Marine Fauna
A key aspect in studying the impact of underwater noise
pollution is the sensibility of the receiver, i.e. how the
marine fauna, in particular mammals, perceive sound.
Dealing with cetaceans, two sub-orders can be identified:
Odontocetes and Mysticetes, differing, among other char-
acteristics, from the acoustic point of view. To determine
their hearing capabilities is a very complex task. In the
case of species with smaller size (e.g. those belonging to
the Odontocetes), tests are carried out in laboratory, in or-
der to obtain their hearing threshold. These tests are per-
formed in specific pools, subjecting the animals to tonal
noises and recording their reactions by means of elec-
trocardiography (ECG) or “auditory brainstem response”
(ABR) methods. This allows to derive a curve of sensibility
(audiogram) for the range of frequencies and amplitudes
in which the animal can hear. Each species, even if be-
longing to the same sub-order, is characterized by differ-
ent hearing characteristics, so a very large number of tests
has to be carried out to cover the whole marine fauna of a
given area. Such approach cannot anyway be adopted in
the case of the big Mysticetes that cannot be confined in a
laboratory. More information is, on the other hand, avail-
able on the emitted signals, because it is sufficiently easy
to record and classify the vocalization of the animals. This
can provide an indirect information about the frequencies
of maximum sensibility.
As it can be seen from Figure 1, each species is charac-
terized by hearing sensibilities that differ both in the fre-
quency range covered and in the threshold level. In gen-
eral, the frequency range is quite wide (about 100 Hz to
100 kHz). It is interesting to note that the frequency com-
munication range of the Odontocetes is centered on the
minimum of their audiogram (i.e. in the maximum of sen-
sitivity). The sameapply formany species (also terrestrial).
Figure 1: Odontocetes audiograms together with typical ship spec-
tra at different distances and communication ranges of odontocetes
and mysticetes
Mysticetes communicate at frequencies significantly
lower: this could support the hypothesis that the maxi-
mum sensitivity of such mammals is shifted towards low
frequencies.
This low frequency range corresponds typically to
high levels of the noise emitted by ships (Figure 1).
3.2.1 Effects of noise on the marine fauna
Shippingnoise pollution canhave twomain consequences
on the marine mammals:
• behavioral changes in single individuals
• reduction in communication between members of
the same species
The responses to noise in terms of behavioral changes
are complex and still not fully known [37]. They are con-
ditioned by factors such as auditory sensitivity, behav-
ioral state, habit or desensitization, age, sex, presence of
young individuals, etc. Short-term reactions to man-made
sounds on cetaceans include sudden dives, fleeing from
sound sources, vocal behavioral change, shorter surfac-
ing intervals with increased respiration, attempts to pro-
tect the young, increased swimspeed andabandonment of
the polluted area. Little is known with respect to the long
term effects in terms of behavioral changes in individuals
or populations. Nevertheless, it is possible to confirm that
the disruption induced by noise on feeding activity, repro-
duction, migration or caring for the young can decrease
the possibility of successful reproduction, the chance of
survival of the young and the food intake. These detrimen-
tal impacts will be more severe in cases where cetaceans
Brought to you by | Università degli Studi di Genova
Authenticated
Download Date | 6/4/18 9:53 AM
112 | D. Borelli et al.
Figure 2:Masking effect of a pure tone
have been displaced (permanently or temporarily) from
important breeding and feeding zones.
A different effect is represented by masking, a pro-
cess that occurs in all auditory systems when a noise re-
duces, partially or completely, the capacity to hear sound
or signals. The situation for the case of two relatively nar-
row signals is depicted in Figure 2, where the threshold
shift due to the masking effect is shown. The effect of the
interference depends on the spectrum and the temporal-
spatial relationship between the signals and the masking
noise [3]. A key parameter in the quantification of the phe-
nomenon is the critical band, which is the range of fre-
quency in which the auditory system of a given species
cannot distinguish two tonal components. This quantity
can be evaluated experimentally, but a direct quantifica-
tion of the critical bandwidths is, for large cetaceans, prob-
ably even more difficult than the survey of audiograms.
The majority of underwater activities produce low fre-
quency sound. This noise can potentially mask the com-
munication signals of all baleenwhales and someOdonto-
cetes, such as sperm whales, that use frequencies below 1
kHz. Thedirect consequences of thismasking of communi-
cation and related signals can be diverse: group dispersal,
reducing a fundamental part of their interaction with the
natural environment (echolocation) [38], impaired feeding
ability and separation of mothers from youngwith usually
fatal consequences for the calf. It is believed that a contin-
uous noise is more detrimental than transient signals [39]
and that low frequency sounds possess a greater masking
effect than higher frequencies [40]. No data or direct mea-
surements are still available, however, on the effect of low
frequency masking on baleen whales.
4 Noise control and requirements
4.1 Noise control inside the ship
In the Comfort Classes (CC) issued by the Classification So-
cieties, limit levels in dB(A) are fixed for each space typol-
ogy on board (for both crew and passengers spaces). The
general criteria used to assign a limit value to passenger
spaces are:
• The type of use of the space: private (cabins) or pub-
lic
• The noise level we expect to find: high (discotheque)
/ medium (restaurant) or low (libraries)
• The time spent by passengers in the space: long stay
(cinema, theatre, cabin); medium stay (restaurant);
short stay (shop); passage (corridor)
The subdivision of the crew spaces is based on the
utilization of the single space. In general, there are four
macro categories:




The classification of crew spaces is in general quite
similar to the one contained in [1].
Another type of requirements regards thenoise insula-
tion to be enforced between different spaces on board. Re-
quirements are formulated in terms of the minimum noise
insulation index and the maximum impact noise levels in
function of the characteristics of the adjacent spaces. For
instance, if on one side there is a discotheque and on the
other one a cabin, the insulation index must be higher
than in the case of cabin to cabin separation.
Generally speaking, the CC, which are voluntary class
notations, focus on the same aspects of [1], issued back in
1981, but they contain lower limits as a result of the avail-
ability of more modern techniques to reduce noise impact
and of higher standards of comfort requested by passen-
gers.
For what concerns measuring procedures, the rules
of the Classification Societies, with some exceptions, sug-
gest to carry out measures in standard conditions, i.e. on
straight course at design speed or 85% of maximum con-
tinuous rating. Low speed ormaneuvering conditions dur-
ing which high noise levels can be generated for example
when bow thrusters are in function [40], are taken into ac-
count only in the CC issued by Germanischer Lloyd.
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Table 1: Pre-normative SILENV N&V limits (Green Label).




1 Cabins Passenger, crew cabin 50 1
2 Oflces Hospital 53 1.5
3 Calm public spaces (A) Libraries, Calm Public Spaces 55 1.5
4 Medium noise public space (B) Restaurant, lounge, Mess room, Shops 60 1.5
5 Noisy public space (C) Disco, Ballroom, Corridor, Staircase 65 2
6 Outdoor Areas Open recreational area, Bridge wings/Open deck
working areas
70 2
7 Wheelhouse Wheelhouse, Radio room 60 1.5
8 Workspace A Engine control room, Galleys 65 2
9 Workspace B Pantry, Store Laundry ,Workshop, Garage 75 2.5
10 Workspace C Continuously Manned Machinery Space 90 2.5
11 Workspace D Not Continuously Manned Machinery Space 105 3
In comparison with the previous regulatory frame-
work, within the SILENV project the maximum acceptable
values for noise and vibrations are reduced, being in gen-
eral more restrictive than the CC and in some cases much
more restrictive than the compulsory IMO Noise Code.
These values, reported in Table 1, are linked to the award
of a “Green Label” notation [54].
4.2 Noise radiated outside the ship in air
As reported in [42] and [43], at an international level, the
control and the assessment of the impact of airborne emis-
sions from ships has not been deeply investigated. Such
impactmay anyway affect the residents of areas near ports
or channels and is usually faced at a local level by admin-
istrations, driven by citizens’ complaints.
The fact that the ship noise impact depends not only
on the ship characteristics, but also on local aspects (to-
pography, orography, local regulations and noise limits,
etc.) partially justifies the lack of coverage of this aspect
by International Normative Bodies. Aspects of the prob-
lem involve potentially quite different institutions such as
the International Maritime Organization (IMO), Classifica-
tion Societies, Coast Guards (for ships), Port Authorities
(for harbours),Municipalities, health care institutions and
other local authorities (for urban areas). Such a large num-
ber of entities involvedmakes very difficult the assessment
of noise impact due to ships and prevents a unified norma-
tive approach for noise control of harbours.
In general, the airborne sound emitted by inland wa-
terway vessels (exception made for recreational crafts) is
covered by ISO 2922:2000 standard, whose last amend-
ment dates from 2013 [45]. In this standard, which is
valid for both sailing and moored vessels, the descrip-
tors adopted are the A-weighted sound exposure level and
the maximum AS-weighted sound pressure level for mov-
ing vessels, whereas for stationary ones the time-averaged
AS-weighted sound pressure level is adopted. As previ-
ously said, recreational crafts (with length up to 24 me-
ters) are covered, in sailing condition only, from ISO 14509-
1:2008 [46] standard, whose procedure prescribes to report
the maximum AS-weighted sound pressure level during
the passage of the vessel and the same quantity corrected
for backgroundnoise anddistance. Part 2 of the same stan-
dard [47] describes a comparative procedure to assess the
maximum sound emission of powered mono-hull recre-
ational crafts using the concept of reference craft. For in-
land vessels, the maximum source levels (75 dB(A) under
way and 65 dB(A) inmoored conditions) are covered in the
European directive 2006/87/EC, and are to be verified at
ground level, at a distance from the side of 25 m.
Need for an effective characterization of the ship source
Both the abovementioned ISO standards refer tomeasure-
ments carried out at ground level and are mainly focused
at carrying out monitoring tests and/or acceptance. On
the other hand, the Environmental Noise Directive (here-
after END) of the European Commission introduced the
tool of Noise Strategic Mapping (NSM) in order to analyze
and control the environmental noise pollution,which calls
for a proper acoustic characterization of the sources. This
tool uses Day-Evening-Night Level (Lden) and Night Level
(Lnight) as noise indicators recommended for themapping,
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Figure 3: Grid of points for the characterization of airborne radiated noise [54].
and in its Annex IV the END explicitly cites harbours as lo-
cations where a NSM should be developed. Since ships are
the most relevant sources (even though not the only ones)
of noise in ports, the problem of their accurate characteri-
zation in terms of sound power definitely arises [48].
It must be underlined again that ships have spe-
cific features that make difficult a proper characteriza-
tion. Ships are very large sources of noise (in particular
when compared with the local geography of the sites to
be evaluated) and feature a strong directivity and shad-
owing effects, as pointed out by experimental as well as
numerical investigations carried out within the SILENV
Project [49, 50]. These characteristics are particularly rel-
evant for studying the impact of moored ships, for which
the interest may be focused on areas comparatively close
to the ship (as in small ports very close to inhabited areas).
In this context, measurements carried out at ground level
and without accounting for directivity may not be enough
to characterize completely the source [50].
Sailing ships usually move in a relatively free field, at
large distances frompotential receivers, so that for the pre-
diction of propagation patterns the near field effects (such
as the interaction of the emitted sound with obstacles) are
less important. Moreover, the characterization of sailing
ships is unavoidably carried out at a large distance which
will be even higher for large ocean going vessels.
In the light of what above, the objective of amore com-
plete acoustic characterization of the ship source was pur-
sued in the SILENV Project. In addition to measurements
recommended by the existing Standards, other ones have
been identified to be carried out on a grid of points (on
each side of the ship) in order to capture the noise gen-
eration from local sources (e.g. ventilation systems, vents,
funnels) which are located at a certain height in the side
or above the deck and even at the top of superstructures
(Fig. 3a). The grid of point should be placed at a fixed dis-
tance from the side,with small tolerances, in order tomake
possible a direct comparison among source levels, avoid-
ing the application of a propagation model to refer the
measured to a common reference distance. A limit value
of 70 dB(A) was set for the levels surveyed on the grid, de-
rived from existing requirements [54].
Thedistancebetween themeasurementpoints is influ-
enced by the dimension of the source and by the position
of themeasurement surface: the farer the surface is placed
from the source, the coarser may be the grid of points on
the surface (see ISO 3746:2010). In the light of these con-
siderations, the spacing for the points was set as:
d = 6m for L < 100m
d = 10m for L > 100m
The first row from below is to be set at 1.2 m from the
ground. These values seem to be a good compromise be-
tween accuracy of the measurements and their duration.
What above described represents the suggested pro-
cedure for a proper characterization and limitation of the
noise radiation from a moored ship, that aims to be pos-
sibly used later for an accurate prediction of the external
sound propagation.
Additionally, within the SILENV, it was decided to set
an alternative simpler criterion that can be accepted when
it is impossible to carry out measurements on a paral-
lelepiped surface around the ship. According to this sim-
plified procedure, measurements can be carried out along
a horizontal line of points at ground level, again at least
1.2 m over the quay, at 25 m from the ship side (see Fig-
ure 3b).
The longitudinal spacing follows the general rule
described above, and, of course, no obstacles must be
present between the ship and the measurement rows.
The limit set in this case is 60 dB(A), stricter than the
limit set on the complete grid for two reasons: it is to be
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verified at a larger distance from the ship and it takes into
account that at ground level important contributions due
to sources at higher levels may be underestimated.
As in the case of the complete grid measurements, the
procedure is to be repeated for both ship sides.
Finally, taking inspiration from theEuropeandirective
2006/87/EC (but with an increased reference distance), the
SILENV text provides also a measurement procedure for
sailing ships.
In order to avoid extreme or exceptional weather con-
ditions that could affect the measured sound pressure
level, the measurements are to be carried out in weather
conditions fulfilling the following requirements: wind ve-
locity less than 5 m/s; absence of rain or any other type of
precipitation; sea state lower than 3.
The ship must sail in straight line at a speed of
10 knots, and a pass-by test must be carried out using
the same layout reported in ISO 14509-1:2009. The limit
set by SILENV state that noise measures at 25 meters from
the ship side during the pass-by test must not exceed
75 dB(A) [54].
4.3 Radiation in water
In the last decade, there has been a rising concern about
the impact on marine wildlife of the noise radiated into
water by shipping activities. In particular, at IMO, the Ma-
rine Environmental Pollution Committee (MEPC) has es-
tablished, since the 58th session in 2008, an agenda item
on ‘Noise from Commercial Shipping and its Adverse Im-
pact on Marine Life’. A particular matter of concern is
represented by marine mammals. These animals depend
heavily on sound transmission in water for survival and
are therefore particularly exposed to alterations in the
ocean background noise levels.
Despite the novelty of the subject of underwater noise
radiation (at least for nonmilitary vessels), a few standards
and requirements have been already issued for commer-
cial ships on this topic.
It is important to note thatmany aspects of ship-borne
noise emission and propagation in water have been stud-
ied in amilitary context and the techniques for the control
of source levels in the case of commercial ships can cer-
tainly benefit from the experience gained in naval vessels.
The purpose of the control of noise is however quite differ-
ent andmay reflect in a different way of characterizing the
source levels and of formulating limits for the emissions.
Figure 4: Sketch for underwater noise measurements (from [51]).
Analysis of existing documents (underwater noise)
As regards the measurement of the underwater noise ra-




• DNV Silent Class Notation [52]
• BV Rule Note NR 614 [53]
The ANSI/ASA and the ISO/PAS standards are very
similar. Both documents cover measurements of under-
water sound pressure levels from ships in prescribed op-
erating conditions. They apply to all kind of surface ves-
sels (with no limitations in size) transiting at a speed up
to 50 knots. The general arrangement for measurements
foresees a line of hydrophones deployed in the water col-
umn (see Figure 4) and a passage of the tested vessel aside
the hydrophones at a fixed distance. Three grades are de-
scribed in the standard, corresponding to higher accura-
cies achieved increasing the number of hydrophones, the
number of runs and the frequency bands for measure-
ments. The final results are reported in source levels in dB
referred to 1 µPa and 1 m. The measurement procedure is
in principle applicable to any location (in deep water) and
it is not foreseen in the standard to compare results to spe-
cific sets of limit values.
In [52] both ameasurement procedure for the radiated
sound pressure and limits to be fulfilled (in order to get the
class notation) are included. The test arrangement is quite
different from the previously described ones and foresees
a single hydrophone placed on a sloping seabed. (see Fig-
ure 5). The peculiar test arrangement suggests that mea-
surements aremeant to be used in a comparative waywith
other surveys carried out in the same specific test location,
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Figure 5: Sketch for underwater noise measurements (from [52]).
Figure 6: SILENV limits for the underwater noise radiated from com-
mercial ships [54].
more than used as absolute evaluations or compared with
results obtained in other sites.
Limit values are provided for different classes of ships,
but no information are given about the background of the
limit curves, probably originating from a database derived
on similar vessels.
On the other hand, a different background is behind
the formulation of the limit curve expressed in pressure
levels vs frequencyprovided for fishing research vessels by
the International Council for the Exploration of the Sea [8].
The curve is derived (in a rather simplifiedway) from a sin-
gle point of the cod sensitivity audiogram. Fulfillment of
the limit is meant to ensure that the vessel can get close to
fishes without frightening them.
As regards the BV rule note, limits for the underwa-
ter noise emissions of three different vessel categories are
given. The problem of transmission losses is treated more
deeply than in the above mentioned standards.
Criteria for definition of limits (underwater noise)
In defining a limit for the underwater noise of ships, the
attention should be focused on the effects of noise on the
receivers, (limits based on the receivers’ sensitivity) fol-
lowing the same line adopted for the ICES limits. In this
case, the receivers are the marine mammals and in partic-
ular the cetaceans. The main problem in following such
an approach is represented by the uncertainties about the
hearing sensitivity of the animals. As a matter of fact,
the hearing threshold is known only for a limited num-
ber of species, all belonging to the Odontocetes, while for
the largest marine mammals (Mysticetes) the information
is not available. Furthermore, all species have a different
sensitivity. In the light of this, at the moment, it seems not
possible to tune limits for ship emissions on the actual per-
ception of noise by marine mammals. Nevertheless, lim-
its aimed at reducing the impact of shipping can be based
on the present state of the art, represented by the most
silent existing commercial vessels (technology based lim-
its, same approach apparently followed in [52]).
Definition of SILENV limits (underwater noise)
A number of full scale measurements carried out in the
SILENV project have been utilized to set the limit curves of
Figure 6 [54]. The requirement is fulfilled if the ship spec-
trum in dB referred to 1 µPa, 1 Hz at the distance of 1m
keeps below the associated limit curve. For converting lev-
els from the actual measurement distance to the nominal
one, a spherical propagation law is adopted.
Two curves are provided (see Figure 6) for commercial
ships, corresponding to different operating conditions:
‘transit’ and ‘quiet’. The transit condition refers to the de-
sign speed, while the quiet condition is related to a re-
duced speed, particularly studied in order to minimize the
acoustic impact of the ship. For example, in the case of
cruise ships, this operating condition may be adopted to
enter protected areas, specially defined for the safeguard
of the local marine fauna. For fishing vessels, only the
SILENV ‘quiet’ limit is applied, while for the category of
fishing research vessels the same limit proposed by the
ICES [8] is adopted.
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5 Comments and future
developments
In the SILENV project, a holistic approach to the analy-
sis and control of ship noise was adopted. A global as-
sessment of the acoustic impact of the noise generated on
board was carried out for the various fields involved. Cab-
ins, living andworking spaces onboard and external areas
on shore have been analyzed with reference to the effects
on human beings, while waterborne emissions from ships
have been studiedwith reference to themarine fauna. This
assessment has implied the synthesis of inter-disciplinary
expertise, ranging fromnaval architecture andmechanical
engineering to architectural acoustics to human response
evaluation to bioacoustics: this is believed to be a rational
approach for dealing with this complex theme.
Thegeneral aimof the investigationwas the identifica-
tion, quantification and control of the impact of ship noise
on the three different fields on which such noise is act-
ing. The level to which this process has been actually com-
pleted is considerably different for the various aspects.
Human response to noise and vibration has been stud-
ied for a fewdecades: a set of relevant indicators have been
identified since a long time, even though investigations are
undergoing and have been developed within the SILENV
project, too, to improve the choice of indicators for a bet-
ter description of the noise annoyance.
The situation is less defined as regards the sensibility
of the marine fauna, in particular mammals, to underwa-
ter noise. A particular issue is represented by the problem
of interference by ship noise with cetacean communica-
tion, i.e. themasking of signals. This effect is difficult to be
quantified because of the difficulty in identifying the criti-
cal bandwidths of the animals.
From a regulatory point of view, a coherent set of re-
quirements is already available for the control of noise and
vibration on board, issued by the deputed international
regulatory bodies for shipping (the International Maritime
Organization and Classification Societies). As regards the
crew, the focus is both on the health safeguard and on
comfort, while for passengers, due to their shorter stays
on board, the attention is on comfort only. New limits for
N&V in ships were introduced in the project, substanti-
ated through a direct evaluation of the human response
bymeans of questionnaires. To assess the feasibility of the
limits, they were compared with the performances of the
vessels in service, by using collected data regarding acous-
tic and vibration performance of different kinds of vessels,
see e.g. [55].
A more uncertain situation is found as regards the re-
quirements for limiting the impact of ship noise radiation
on shore: the existing regulations are generally not specific
for ships, but cover noise from stationary sources, like in-
dustrial plants, or from more standardized vehicles (cars,
airplanes). Ships feature acoustic characteristics that are
typical of the single unit and an effective characterization
of the radiation is not available (not for single ships, but
neither for class of vessels). The situation is further com-
plicatedby the fact that the impact onpopulation is depen-
dent on the local geography of the site and on the relative
positions of the ships to the receiver, which is more vari-
able than for other vehicles. In the SILENV project, both
the aspects of the characterization of the ship source and
of the propagation of noise ashore have been covered. A
new procedure for an effective quantification of the ship
radiation at wharf has been proposed, together with lim-
its to such radiation that were set on the basis of practi-
cal considerations. When a large enough database of ship
emissions will be available, it will be possible to tune the
limits to the impact of noise on people (given the geogra-
phy and the population distribution of a site).
Finally, as regards the formulation of requirements
for the underwater noise radiation from ships, it is noted
that, at the moment, only technology-based limits based
on good practices can be formulated, because of the lack
of knowledge about the sensitivity of the receiver (marine
fauna, characterized in addition by a large variety of re-
sponses), and about the animal population distribution.
This subject has been tackled within SILENV with a re-
analysis of existing recommendations and a checkwith ex-
isting data about ship underwater radiation. The aspect of
source characterization has been covered, too.
A Green Label for ships was proposed in the project,
including targets levels and associated guidelines, for the
purpose to qualify the environmental sustainability of the
vessel in terms of acoustic emissions in the three fields
above mentioned [54].
The work began with SILENV is far from being con-
cluded, as further investigations are needed on all the as-
pects covered. A follow up is being provided by threemore
EU projects, namely AQUO, SONIC and MESP, covering
specific aspects among those addressed in SILENV.
The AQUO project (Achieve QUieter Oceans by ship-
ping noise footprint reduction [56] as well SONIC (Sup-
pression Of underwater Noise Induced by Cavitation [57])
are both aimed at the mitigation of underwater noise due
to maritime transport. In particular, AQUO follows the
same holistic approach of SILENV, including also the bio-
acoustic viewpoint. The target is to achieve a good envi-
ronmental status (GES) consistent with the objectives of
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the European Marine Strategy Framework Directive [58].
To this aim, the development of a tool for monitoring the
noise field of the shipping activities going on in a given
area is foreseen in AQUO.
The environmental noise impact of ports and its man-
agement are under study in MESP (Managing the Envi-
ronmental Sustainability of Ports for a durable develop-
ment [35]), which addresses the sustainable environmen-
talmanagement of port areas. The target is to reduce harm-
ful consequences for local population through the imple-
mentation of a multidisciplinary approach, which encom-
passes technological, regulatory and administrative solu-
tions, including noise mapping.
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